Background {#Sec1}
==========

Tuberculosis (TB) is an infectious disease caused by *Mycobacterium tuberculosis*. Over 80% of the new TB cases, globally, were reported in developing countries. According to a World Health Organization report, the TB burden of China is the second largest in the world \[[@CR1]\]. In recent years, although the Chinese Government has paid an increasing amount of attention to the control of TB, prevention measures are still insufficient, especially in areas with inadequate medical resources, such as Qinghai, a province where most of the population suffers a high risk of TB even now \[[@CR2]\].

A large number of studies on the spatial and temporal distribution of TB have demonstrated that TB has a highly complex dynamics and is spatially heterogeneous at the provincial, national, and international levels during certain periods of time; however, the variations in small area are always be ignored by using a relatively large scale \[[@CR3]--[@CR6]\]. In our previous study, the Moran's *I* spatial autocorrelation analysis method was used to analyze the TB incidence data from 2009 to 2013 in Qinghai and found that the distribution of TB in this province was not random \[[@CR7]\]. However the Global Moran's *I* spatial autocorrelation analysis only evaluates the distribution characteristics of the disease in several specific time points. Moreover, this method can not estimate the risk level of high-risk cluster areas \[[@CR8]--[@CR11]\]. It is a known fact that time is a critical confounder that might directly bias the determination of the high-risk regions of TB. The Kulldorff's space-time scan statistical method can detect the distribution characteristics in both the temporal and spatial axes, bringing them closer to real-world conditions \[[@CR12]--[@CR15]\]. Additionally, the relative risk of disease in a cluster area can be estimated by comparing it with the area outside the cluster area. This method has been used wildly in the epidemiology studies of infectious diseases \[[@CR16]--[@CR19]\].

Analyzing and evaluating the spatio-temporal patterns and trends of TB in Qinghai is necessary for TB control and elimination. In this study, our aim was to use the Kulldorff's scan statistical analysis to explore the spatial, temporal, and space-time dynamics of TB at the county level in Qinghai.

Methods {#Sec2}
=======

Qinghai is located in the northwest China and lies to the northeast of the Qinghai-Tibet Plateau. The average altitude is 3000--5000 m. Qinghai comprises eight prefectures, including a total of 46 counties (Fig. [1](#Fig1){ref-type="fig"}). The province is comparatively less developed, with a high annual incidence of TB. The total population is about 5.7 million people.Fig. 1Location of Qinghai province in China. The statistical map was created by using ArcGIS software (version 10.2.2, ESRI Inc., Redlands, CA, USA)

TB data {#Sec3}
-------

We collected data (2009--2016) of TB cases in Qinghai from the China Information System for Disease Control and Prevention (CISDCP). We also extracted the demographic data of 46 counties from Qinghai's statistical yearbooks (2010--2017). TB is one of the notifiable infectious diseases in China. It is mandated that each case of TB must be reported online within 24 h after diagnosis in a hospital. Cases of TB were diagnosed using radiography, pathogen detection, and pathologic diagnosis, based on the diagnostic criteria recommended by the National Health and Family Planning Commission of the People's Republic of China (2008).

A total of 48,274 incident cases of TB and 84 TB-related deaths were reported across 771 hospitals and medical institutions in Qinghai from January 2009 to December 2016. In this study, 48,165 cases, aggregated at the county level monthly, were analyzed to detect the spatio-temporal high-risk areas of TB. And 109 cases without detailed information on the residential address were excluded from the analysis. In order to check the missing reports of TB, we randomly selected 261 from all 771 hospitals and medical institutions, and double checked all the medical records of these selected institutions. No missing cases or outbreaks of TB were recorded.

Statistical methods {#Sec4}
-------------------

We used Kulldorff's space-time scan statistical analysis to detect the temporal, spatial, and space-time clusters of TB, and to verify whether the geographic clustering of TB was caused by random variation or not \[[@CR20]\]. Since the population in several areas was very small, we used the radius of the population coverage instead of the geographical radius. The discrete Poisson probability model was used for scanning since the TB incidence was not very high \[[@CR18]\]. The window with the maximum likelihood is defined as the most likely cluster area, and other clusters with statistically significant log-likelihood ratios (*LLR*) were defined as the secondary potential clusters. The *P*-values of *LLR* were estimated through 9999 Monte Carlo simulations \[[@CR16], [@CR18]\]. A *P*-value \<0.05 indicates a significantly high risk inside of the scan window, which might be a potential cluster of a high risk of TB. The relative risk (*RR*) of TB in each cluster was calculated to evaluate the risk of TB in the cluster areas \[[@CR12], [@CR21], [@CR22]\].

The results of spatio-temporal scan are sensitive to various parameters, like the maximum cluster sizes of spatial and temporal. Thus, the selection of the maximum radius of the spatial scanning window and the maximum length of the temporal scanning window were very important \[[@CR23]\]. In order to select optimal parameters, we analyzed the data of 2009 using the maximum spatial cluster sizes from 4% to 50% of total population at risk by increments of 1%. The radius was considered as an optimal radius for analysis if there were fewer overlaps between the areas defined by the radius, and the biggest area covered less than seven counties or 15% of all the counties \[[@CR24], [@CR25]\]. Similarly, we found an optimal temporal cluster size by testing the maximum temporal cluster sizes from 10% to 50% of the total study period by increments of 1% to analyze the data of the preceding 5 years (2009--2013). Based on the the optimal spatio-temporal parameters, retrospective space-time scanning analysis was applied to identify the geographic areas and time periods of potential clusters with significantly higher TB incidents than that of nearby areas.

We also used Global Moran's *I* spatial autocorrelation analysis to depict the spatial clustering of annual TB incidence at the county level. The Moran's *I* \> 0, = 0, and \<0 indicate a positive spatial autocorrelation, random distribution, and negative spatial autocorrelation, respectively \[[@CR12]\].

Additionally, we conducted time series seasonal decomposition analysis to identify the seasonality of TB incidence in Qinghai province \[[@CR26]--[@CR28]\]. The seasonal index was also calculated to examine the seasonal pattern of TB. The index was calculated as the ratio of the average number of cases for a given month to the average monthly incidents of 8\*12 months (2009--2016). An index value close to 1.0 indicates no seasonal trend \[[@CR29]\].

The SaTScan™ software (v 9.4.1, Kulldorff and Information Management Services, Inc.) was used for spatial, temporal, and spatio-temporal analyses. Then, we used ArcGIS (v10.2.2, ESRI Inc., Redlands, CA, USA) to visualize the relative risk of TB in high-risk cluster areas. Open GeoDa software (Arizona State University, AZ, USA) was used for Global Moran's *I* spatial autocorrelation analysis. *P* \< 0.05 indicates a statistical significance.

Results {#Sec5}
=======

Determination of the optimal time window for temporal scanning {#Sec6}
--------------------------------------------------------------

We conducted temporal scanning by using the time window with the length that covers 10--50% of the total study period, by increments of 1%. The scanning results indicated that the high-risk cluster of TB was predominantly concentrated in the time period between January 2012 and May 2013 (Additional file [1](#MOESM1){ref-type="media"}: Table S1). Therefore, the maximum temporal cluster size was set as 30% in this study. For each year, the maximum scan time length was 3 months.

Determination of the optimal space window for spatial scanning {#Sec7}
--------------------------------------------------------------

In order to detect an appropriate space window for the spatial scan, we conducted several times of spatial scanning using different maximum circular spatial windows. We started from the radius covering from 4% to 50% of the population, increasing by 1% each time. The results are shown in Additional file [1](#MOESM1){ref-type="media"}: Fig. S1. When the maximum spatial scan size was set to 8--50%, the high-risk clustering areas overlapped, and the most likely cluster covered more than 15% of all the counties. While for the sizes of 4--7%, selfsame area was detected as the most likely cluster area, but the secondary clusters were slightly different. The cluster areas identified using the windows of 6--7% covered the largest high-incidence areas. According to the Venn diagram (Fig. [2](#Fig2){ref-type="fig"}), we finally set 7% as the maximum circular spatial window for spatial scanning, covering a population of 0.392 million. Two counties, Huangzhong and Datong, were not included in the scanning window. The incidence rates of TB in these two counties were relatively low. Therefore, the exclusion would not be influential.Fig. 2Venn diagram of spatial clustering for TB incidents in Qinghai, China, 2009. The scan window used in this analysis was set to be 7% of population

Distribution of TB temporal clustering {#Sec8}
--------------------------------------

The time series seasonal decomposition analysis of TB incidents showed a significant seasonal periodicity, but the seasonal trend was not obvious between 2014 and 2015 (Fig. [3a and b](#Fig3){ref-type="fig"}). This was consistent with the result of the seasonal index (Fig. [3e](#Fig3){ref-type="fig"}). The maximum seasonal index value was 1.23 in March, and the value appeared to be less than 1.0 after July. There was a slowly increase trend for TB incidents from 2009 to 2016 (Fig. [3c](#Fig3){ref-type="fig"}). The temporal cluster analysis also showed that TB incidents were mainly concentrated in the spring and early summer, annually, ranged from January to May. The high aggregated period for TB was observed in all districts from January 2015 to August 2016 (*LLR* = 353.28, *P* \< 0.05). During this period, a total of 12,746 TB cases were reported, and the risk of TB related incidents was 32% (*RR* = 1.32) higher than that in other time periods (Table [1](#Tab1){ref-type="table"}).Fig. 3The seasonal distribution of monthly TB incidents, between years of 2009 and 2016, in Qinghai, China. **a**: Time-series of monthly TB incidents; **b**: A seasonal trend was decomposed from the time-series of TB incidents; **c**: A long-term trend was decomposed from the time-series of TB incidents; **d**: The residual data after excluding of seasonality and a long-term trend; **e**: Estimated seasonal index of 12 months ranged from 0.80 to 1.23, and the maximum value was recorded in March Table 1Temporal clustering of TB incidents in Qinghai, China, 2009--2016YearCluster time frameObserved casesExpected cases*RRLLRP*-value20092009/2/1 to 2009/4/3016161246.491.4368.290.00120102010/3/1 to 2010/5/3115141220.951.3544.830.00120112011/2/1 to 2011/4/3014901270.141.2424.270.00120122012/3/1 to 2012/5/3119281593.411.3044.980.00120132013/1/1 to 2013/3/3117431492.521.2426.940.00120142014/2/1 to 2014/4/3016651424.981.2425.810.00120152015/3/1 to 2015/5/3120511812.531.1820.410.00120162016/1/1 to 2016/3/3122861882.901.3154.990.0012009--20162015/1/1 to 2016/8/3112,74610,291.141.32353.280.001

Distribution of TB spatial clustering {#Sec9}
-------------------------------------

Spatial clustering analysis of the entire 8 years identified a total of nine statistically significant high-risk areas, covering a total of 21 counties. Similarly, the Global Moran's *I* values of each year at the county level also indicated a positive spatial autocorrelation in Qinghai, ranging from 0.398 to 0.631 (all *P* \< 0.05). The high-risk areas with a relative risk greater than three, including the most likely cluster area and two secondary cluster areas, were mainly concentrated in the southwest of Qinghai. The center of the most likely cluster area was located in Dari County, 33.48° N and 99.41° E (*LLR* = 3225.58, *P* \< 0.001). This circular area covered six counties with a radius of 184.91 km, including Dari, Gande, Maqin, Banma, Jiuzhi, and Maduo. The total number of TB cases was 5408, and the risk of TB related incidents was 2.97 times (*RR* = 3.97) higher than that outside this area (Table [2](#Tab2){ref-type="table"} and Additional file [1](#MOESM1){ref-type="media"}: Fig. S2). The incidences of TB inside the cluster areas were significantly higher than that in the areas outside every year (Table [3](#Tab3){ref-type="table"}).Table 2Spatial clustering of TB incidents in Qinghai, China, 2009--2016Cluster typeCoordinates/RadiusNCluster countiesObserved casesExpected cases*RRLLRP*-valueMost likely cluster(33.48 N, 99.41 E)/184.91 km6Dari, Gande, Maqin, Banma, Jiuzhi, Maduo54081488.943.973225.58\<0.001Secondary cluster 1(34.86 N, 95.13 E)/229.73 km4Qumalai, Chengduo, Zaduo, Zhiduo52441410.004.053215.65\<0.001Secondary cluster 2(32.17 N, 96.13 E)/97.79 km2Yushu, Nangqian47281674.663.021956.35\<0.001Secondary cluster 3(36.07 N, 102.23 E)/0 km1Hualong25301838.121.40121.59\<0.001Secondary cluster 4(35.51 N, 99.73 E)/107.12 km3Xinghai, Tongde, Guinan24221815.021.3595.75\<0.001Secondary cluster 5(35.43 N, 102.08 E)/0 km1Tongren1106780.651.4361.08\<0.001Secondary cluster 6(38.32 N, 99.70 E)/96.82 km2Qilian, Gangcha1063768.151.3951.40\<0.001Secondary cluster 7(37.46 N, 101.70 E)/0 km1Menyuan14511291.451.139.75\<0.001Secondary cluster 8(35.90 N, 101.85 E)/0 km1Jianza573475.971.219.38\<0.001 Table 3The characteristics of TB incidents in Qinghai, China, 2009--2016YearTB incidence inside the cluster (1/100000)TB incidence outside the cluster (1/100000)*uP*-value*N* ~1~Minimum*Q* ~*L*~Median*Q* ~*U*~Maximum*N* ~2~Minimum*Q* ~*L*~Median*Q* ~*U*~Maximum200917129.80154.28215.01265.32623.13290.0058.5276.3690.52121.625.61\<0.001201015110.72160.23251.38328.18524.69313.6848.8871.1292.51208.155.21\<0.001201116103.18127.91203.88298.01679.253014.7151.8971.7795.04194.735.10\<0.001201215148.88174.96355.84431.45773.493114.4657.6283.45124.70432.024.96\<0.001201321113.83149.79273.93407.32696.892514.4645.4970.3487.53117.725.77\<0.001201418135.87148.03281.35421.50582.582816.1247.0982.2799.61140.125.63\<0.001201518142.62202.73372.60641.43844.60283.4542.3577.28126.45163.625.63\<0.001201616194.60314.00413.62739.701220.473011.3546.2282.56121.06170.145.54\<0.0012009--201621117.67141.39263.79412.80736.422512.9249.2169.0395.87116.005.79\<0.001

Distribution of TB spatio-temporal clustering {#Sec10}
---------------------------------------------

The results of spatio-temporal cluster analysis suggested a special characteristic in temporal and spatial distribution for TB incidents in Qinghai. We detected a most likely cluster area and seven secondary cluster areas by using temporal and spatial scanning (Fig. [4](#Fig4){ref-type="fig"}). The most likely spatio-temporal cluster area was located at the southwest of the province, and the high-risk period was from September 2014 to December 2016 (*LLR* = 2547.64, *P* \< 0.001). The center of this area was in Yushu County, 32.91° N and 96.68° E, which was a circular area with a radius of 261.34 km, covering seven counties: Yushu, Nangqian, Chengduo, Zaduo, Maduo, Qumalai, and Dari. A total of 3916 TB cases were reported in this area during the high-risk period, and the *RR* was 4.21 (Table [4](#Tab4){ref-type="table"}).Fig. 4Spatio-temporal clustering of TB incidents at the county level in Qinghai, China, 2009--2016. A most likely cluster and seven secondary clusters were found by spatio-temporal scanning, which indicated an obvious trend of spatio-temporal clustering for TB incidents in Qinghai. The high-risk clusters were predominantly located in the southwest Qinghai between September 2014 and December 2016 Table 4Spatio-temporal clustering of TB incidents in Qinghai, China, 2009--2016Cluster typeCluster time frameCoordinates/RadiusNCluster countiesObserved casesExpected cases*RRLLRP*-valueMost likely cluster2014/9/1 to 2016/12/31(32.91 N, 96.68 E)/261.34 km7Yushu, Nangqian, Chengduo, Zaduo, Maduo, Qumalai, Dari3916991.334.212547.64\<0.001Secondary cluster 12014/10/1 to 2016/12/31(34.52 N, 101.57 E)/141.36 km6Henan, Zeku, Tongde, Tongren, Jiuzhi, Gande2069794.402.68723.22\<0.001Secondary cluster 22014/9/1 to 2016/12/31(34.87 N, 92.61 E) / 0 km1Zhiduo46775.106.27463.14\<0.001Secondary cluster 32014/12/1 to 2016/12/31(36.07 N, 102.23 E)/39.25 km2Hualong, Jianza953585.251.6498.34\<0.001Secondary cluster 42009/1/1 to 2010/8/31(38.32 N, 99.70 E)/109.59 km3Qilian, Gangcha, Tianjun346209.321.6637.41\<0.001Secondary cluster 52012/2/1 to 2014/3/31(37.46 N, 101.70 E)/0 km1Menyuan471338.241.4023.37\<0.001Secondary cluster 62015/1/1 to 2016/8/31(36.45 N, 100.03 E)/93.93 km2Gonghe, Haiyan405290.121.4020.36\<0.001Secondary cluster 72015/4/1 to 2016/5/31(36.15 N, 102.77 E)/0 km1Minhe573440.341.3018.42\<0.001

Discussion {#Sec11}
==========

In this study, spatial patterns and the secular trends of TB in Qinghai from 2009 to 2016 were examined using the Kulldorff's scan statistical analysis. To the best of our knowledge, no other similar study has been done in this area. Our study demonstrated that there was a significantly space-time clustering in distribution of TB incidents in Qinghai province. The high-risk areas were mainly concentrated in the southwest Qinghai, and the temporal clusters were mainly concentrated in spring and early summer.

Kulldorff's retrospective scan statistics take multiple testing problems into account, which is known as the most powerful method for evaluating geographical and temporal distribution by using routinely collected data \[[@CR18]\]. This method has been used worldwide to detect the clusters of diseases \[[@CR2], [@CR4], [@CR5], [@CR30], [@CR31]\]. As is known, in the temporal and spatial model, selection of a suitable time window and spatial window was very important for model identification. Currently, there are two methods for selecting the size of spatial window: one is based on the geographical area, and the other method is based on the population size covered by the scanning area \[[@CR16]\]. In this study, we used the radius of population coverage, because deviation of population in different counties was very large. Similarly, size of time scanning window is another important parameter for analysis. Generally, the window size of time was set as 50% of the entire time period of the study. However, there exists some evidence with regard to whether or not this window size is reasonable \[[@CR32]\]. Yue Ma et al. conducted a simulation study to explore how to choose an appropriate scanning window. They found that the window might be too large to include the low-risk area if the window covered 50% of the population \[[@CR23]\]. Therefore, this situation might lead to a high false positive rate. However, the window which covered a smaller population might be too small to detect the real high-risk area, and the high-risk area would be separated. Thus, the high false negative rate would be an issue. Tango and Takahashi suggested that when using the irregular scan statistic to detect the aggregated region, the coverage area of a single region should not be more than 15% of the whole study area \[[@CR24], [@CR25]\]. In addition, several studies also suggested choosing an appropriate window which could identify the cluster areas with less overlap \[[@CR4]\]. Based on the Tango's criteria, we analyzed the data for many times by using one window value at a time. Finally, we selected the temporal window covering 30% of whole study period and the spatial window covering 7% of the population at risk. And the overlapping of the identified high-risk clusters was not observed.

Our temporal scanning results indicated that there was a high-risk period for TB incidents every year and during the entire 8 years, which mainly occurred in spring and early summer, from January to May. As is known, during winter, the reduction in exposure to ultraviolet rays from sunlight and the poor ventilation in indoor settings may increase the incidences of TB infections. Additionally, in the case of infectious diseases, time is needed for the symptoms to develop and patients may lack the knowledge on where to seek care for TB. All these factors may delay TB diagnosis and treatment \[[@CR4]\]. Some studies reported that the average incubation period of TB infection ranges from 4 to 8 weeks, with a 2-month interval from the appearance of symptoms to medical diagnosis \[[@CR33]\]. Therefore, the high-risk periods in spring and early summer complied with the disease characteristics. Such seasonal patterns were consistent with the previous studies done in Yunnan province, where is the registration peak of TB cases during spring \[[@CR34]\].

Additionally, spatial scanning results displayed statistically significant 5--7 cluster areas for TB diseases in Qinghai each year, which were similar to the results of our previous study \[[@CR7]\]. Compared with the median incidence rate of TB (69/100000) out of the cluster areas, TB incidence in our identified TB cluster was higher than 263/100000. This indirectly suggested a relatively high sensitivity of this scanning method. The spatio-temporal model used in this study simultaneously considered time and space distributions. Compared with the separated spatial scanning model and temporal scanning model, the time-space scanning makes a conclusion more closely to the real-world situation. Using this model to detect the spatio-temporal distribution of TB in Qinghai, from 2009 to 2016, we found that the high-risk counties were concentrated in the southwest Qinghai, from September 2014 to December 2016. During this period, the risk of TB infection in these areas was obviously higher than in other areas, especially in the Zhiduo County. In these areas, the inhabitants have very low income, as well as poorer living conditions and sanitation compared to the eastern region of Qinghai. Many studies have showed that poverty is one of the most important social factors responsible for the high prevalence of TB, and also the socio-economic status may contribute to the high risk of TB \[[@CR4]\]. Our result indicated that further prevention and special TB control strategies should be considered in relation with the economical and sanitary level in the clustered areas.

Our study also demonstrated the usefulness of spatial and temporal clustering analysis using the ArcGIS and SaTScan to identify the significant space-time clusters of TB in Qinghai. This could be used to provide strategies for TB prevention at the county level. However, the study had limitations on analysis. First, it is important to note that the data were analyzed at the county level, which is not the smallest unit of administrative regionalization. Thus, we may exclude several critical factors. Second, the influence of weather and socio-economic factors were not included in this study.

Conclusions {#Sec12}
===========

Our study analyzed the spatial, temporal, and space-time clusters of TB incidents at the county level in Qinghai, from 2009 to 2016, using the Kulldorff's retrospective scan statistic methods. The spatial and temporal clusters were statistically significant every year, and the space-time scanning result indicated eight high-risk areas for TB incidents which were predominantly located in the southwest Qinghai. These results suggested that it is urgent to establish the preventive and controlling strategies to decrease the TB incidence in Qinghai by Qinghai government and the Center for Disease Control and Prevention.

Additional file {#Sec13}
===============

Additional file 1:**Table S1.** Temporal clustering of TB incidents monthly in Qinghai, China, 2009--2013. We set the maximum size for temporal scanning to be 18 months, nearly 30% of the total study period, by which the scan result was best to fit the raw time-series data of TB incidents. **Fig. S1.** Spatial clustering of TB incidents at the county level in Qinghai, China, 2009. **Fig. S2.** Spatial clustering of TB incidents at the county level in Qinghai, China, 2009--2016. (DOCX 682 kb)
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